A soil's grain-size distribution affects its physical and hydraulic properties; however, little is known about its effect on soil thermal properties. To better understand how grain-size distribution affects soil thermal properties, specifically the effective thermal conductivity, a set of laboratory experiments was performed using binary mixtures of two uniform sands tightly packed with seven different mixing fractions over the full range of saturation. For each binary mixture, the effective thermal conductivity, l, capillary pressure, h c , and volumetric water content, q, were measured. Results demonstrated that the l-q relationship exhibited distinct characteristics based on the percentage of fine-and coarse-grained sands. We further compared measured l-q properties with independent estimates from two semi-empirical models (Campbell Model and Lu and Dong Model) to evaluate the models' applicability in relation to physically based parameters associated with changes in soil mixing (e.g., porosity and grain size). Both models were able to fit experimental data but to varying degrees based on the number of physically based parameters used. In general, model improvements are needed to capture the l-q relationship solely on physically based parameters.
e.g., Terzaghi, 1952; Skaggs and Smith, 1968) , soil type (Van Rooyen and Winterkorn, 1959; Adivarahan et al., 1962; Haigh, 2012) , grain size (e.g., Sepaskhah and Boersma, 1979; Tavman, 1996; Midttømme and Roaldset, 1998) , and temperature (e.g., Campbell et al., 1994; Hiraiwa and Kasubuchi, 2000; Sakaguchi et al., 2007) . In general, l increases with an increase in q (Philip and de Vries, 1957; De Vries, 1963) ; this is because l of water (~0.58 W m -1 K -1 ) is over an order of magnitude larger than that of air (~0.02 W m -1 K -1 ). Increasing the contact between soil grains lowers f enabling higher heat transfer through the grain lattice structure which yields a higher l (Yadav and Saxena, 1977; Midttømme and Roaldset, 1998; Smits et al., 2010; Tarnawski et al., 2013) . Past studies focused on the effect of porosity on thermal conductivity for specific field locations or unimodal soils rather than soil mixtures. Soil type also affects l. Soils with relatively flat grain surfaces, such as silts and clays, have more contact points between grains and higher l than do more rounded particles like sands and gravels, which have smaller contact area and lower l (Becker et al., 1992) . Grain size also affects l where coarse-grained materials often maintain a higher l than fine-grained materials (Al Nakshabandi and Kohnke, 1965; Côté and Konrad, 2009 ). The increase in l for coarse-grained materials is due to the larger grains' ability to enable a more continuous length of high conductivity material (fewer gaps filled with air or water). As shown by De Vries (1963) and confirmed by Smits et al. (2010) , this effect is small compared with changes in moisture contact and soil packing conditions (i.e., f). Finally, increases in temperature result in an increase in bulk l, behavior which is more pronounced for the intermediate saturation range (Campbell et al., 1994) . This increase is due to the increase in the transfer of latent heat with decreasing air pressure or increasing temperature (Momose and Kasubuchi, 2002; Sakaguchi et al., 2009; Smits et al., 2013) .
Soil mixtures with two differently sized components, referred commonly as binary mixtures, are often described by the volume fraction of each particle size and the ratio of the particle diameters. When the smaller grains are sufficiently small as compared with the larger grains, the smaller particles can "fill" the voids created by larger grains, thus producing a lower f. The difference in the particle packing is oftentimes referred to as coarse or fine packing (Clarke, 1979) based on which fraction dominates the mixture-the packing of a soil mixture shifts from coarse-dominated to fine-dominated when the volume fraction of fines exceeds a critical value (Koltermann and Gorelick, 1995) . The critical volume fraction of fines, f crit , denotes the transition between coarse-controlled and fine-controlled mixtures which occurs near 30% fines as shown in the literature (e.g., Koltermann and Gorelick, 1995; Sakaki and Smits, 2015) . Coarse-controlled mixtures exist as long as coarse grains make up the load-bearing skeleton. As more fine particles are added to the mixture, the fines keep filling the voids between the coarse grains until the coarse material no longer comprises the loadbearing skeleton. When the volume fraction of fines is equal to the f of the coarse-grained component, the fines completely fill the voids in the coarser grains (Koltermann and Gorelick, 1995) . Previous research demonstrates the effect of soil mixing on soil water retention behavior. For example, the soil water retention curve (SWRC) depends on the distribution and continuity of the pore sizes of the mixture and cannot simply be defined by a weighted algebraic superposition of the two SWRCs (Sakaki and Smits, 2015) . Therefore, the SWRC oftentimes cannot be reproduced using a dual porosity model such as those developed by Gerke and van Genuchten (1993) , Zimmerman et al. (1993) , and Larsson and Jarvis (1999) and requires a multimodal model like that of Durner (1994) .
Although much effort has been invested in the development of l-q models (e.g., De Vries, 1963; Johansen, 1975; McCumber and Pielke, 1981; Campbell, 1985; Campbell et al., 1994; Lu et al., 2007; Chen, 2008; Konrad, 2005, 2009; Tarnawski and Leong, 2012; Haigh, 2012; Lu and Dong, 2015) , none of the models specifically address the applicability to soils that are mixed, including binary mixtures. Additionally, few l-q models are physically based and rely on the use of fitting parameters. For example, the Lu et al. (2007) model incorporates two empirical parameters a and b and only one soil texture dependent parameter, a. The Model incorporates seven fitting parameters unique to each soil type. The Côté and Konrad (2005) Model includes a single dimensionless empirical fitting parameter associated with the combined impacts of grain size, pore size, and pore water. The Haigh (2012) Model is based on the assumption of perfectly spherical soil grain geometrically restricting the model to f > 0.276. The focus for this research was to obtain experimental data on l-q for binary mixtures whose soil-water retention relationships are well characterized and examine how the l-q relationships are affected by mixing fractions. Therefore, two physically based models, the Campbell et al. (1994) and Lu and Dong (2015) Models were selected to obtain insight on how existing models can or cannot reproduce the l-q relationships for binary mixtures.
The Campbell et al. (1994) Model (hereafter referred to as the Campbell Model) employs four soil-specific empirically determined parameters (thermal conductivity of mineral fraction l m , volumetric water content at which water starts to affect thermal conductivity x wo , shape factor of the soil g a , and rapidity of transition from air-to water-dominated conductivity q o ). The first three parameters listed are based on physical properties with l m requiring knowledge of the mineral fraction of the soil, x wo relying on knowledge of the mean particle diameter, and g a based on soil grain geometry. The fourth parameter q o is not linked to a measurable property of the soil. Campbell et al. (1994) state that ideally, one could predict all parameters from basic physical properties of the soil so that no fitting of parameters would be necessary. However, Campbell et al. (1994) compared experimental measurements to model predictions based on some fitted parameters (i.e., nonlinear least square fits to data) rather than physically based parameters.
The Lu and Dong (2015) Model (hereafter referred to as the Lu and Dong Model) employs two soil-specific parameters (i.e., the onset of the funicular regime when menisci on soil particles are interconnected with each other q f , and the pore fluid network connectivity parameter m). Both of these parameters are based on physical properties of the soil and related to the soil water retention behavior with q f based on the residual volumetric water content, q r , which is associated with the maximum rate of increase in l when transitioning from dry to saturated conditions. Modeling of the soil-water retention behavior using the van Genuchten (1980) Model based on measured capillary pressure and q enables knowledge of the pore-size distribution parameter, n, which is related empirically to m. Therefore, it can be hypothesized that both the Campbell Model and Lu and Dong Model can estimate l based on their associated physical based measureable parameters to enable specific identification of the impact of binary mixtures.
The main objective of this work is to generate l-q relationship data for well-characterized binary mixtures under well-controlled conditions and systematically evaluate the effect of binary mixtures on soil thermal conductivity. Based on two uniform sands with different particle sizes (i.e., a coarse-and fine-grained sand), we generated a set of binary mixture samples with different mixing fractions identical to those used by Sakaki and Smits (2015) . For each mixture, l, q, and capillary pressure (P c ) were measured over the entire range of saturation (S). The l measured in the study were then compared with independent estimates made using the Campbell Model and the Lu and Dong Model to obtain insight on the applicability of the existing models to soils such as the binary mixtures.
MATERIAL AND METHODS

Experimental Apparatus
The experimental apparatus used in this study is shown in Fig. 1 . A small cell consisting of a network of sensors was hydraulically connected to a long water column. The cell and water col- umn were constructed out of 4-mm thick acrylic (specific heat = 1464 J kg -1 K -1 , l = 0.2 W m -1 K -1 , and density = 1150 kg m -3 ).
The cell was outfitted with three sensors for measuring soil moisture, thermal properties, and capillary pressure. Soil moisture was continuously monitored using an ECH 2 O EC-5 dielectric soil moisture sensor (Decagon Devices, Inc., Pullman, WA; sensor length = 5.5 cm, measurement frequency = 70 MHz) at 1-min intervals; the moisture sensor was connected to an Em50 data logger (Decagon Devices, Inc., Pullman, WA). The EC-5 sensor measured the dielectric constant of the soil, which was converted to a digital count (ADC count, dimensionless). The ADC counts were then used to estimate q (m 3 m -3 ) based on the empirical twopoint a-mixing model developed by Sakaki et al. (2008 Sakaki et al. ( , 2011 . The bulk sampling of the ECH 2 O EC-5 sensor is ~1 to 2-cm volume around the electrodes (Limsuwat et al., 2009) .
A thermal property SH-1 sensor (Decagon Devices, Inc., Pullman, WA; dual needle, length = 3 cm, spacing = 6 mm, sample volume = 7.2 mm for saturated conditions transitioning to 6.5 mm for dry conditions [Knight and Kluitenberg, 2004] ) connected to a KD2 Pro thermal property analyzer was used to measure l (W m -1 K -1 ) and soil temperature (°C). Soil thermal measurements were made at 15-min intervals to allow thermal gradients to dissipate, per the manufacturer's recommendation. The SH-1 sensor consists of two needles containing a thermistor in one needle and a heating element in the other. A current is passed through the heating element in one needle while the time-dependent temperature response is monitored in the second needle, 6 mm away. The l of the soil is calculated based on temperature measurements and knowledge of the heat generated (~22.3 W m −1 ) during heating (1 min) and cooling (1 min) cycles (Decagon Devices, 2014) . The calculations derive from a dual needle algorithm based on the line heat source analysis (Carslaw and Jaeger, 1959; Abramowitz and Stegun, 1972; Kluitenberg et al., 1993 Kluitenberg et al., , 1995 Bristow et al., 1994) .
Water pressure was continuously monitored using a tensiometer. The tensiometer included a small porous cup (Soilmoisture Equipment Corp., Goleta, CA; diameter = 0.64 cm, length = 2 cm, air-entry value = 51 kPa, sample volume = 6.4 mm in the vertical direction) connected to a differential pressure transducer (Validyne Engineering Corp., Northridge, CA; Model P55D, range + 14 kPa. Measurements were made every minute. To allow for water drainage, a large porous cup (Soilmoisture Equipment Corp., Goleta, CA; diameter = 1.0 cm, length = 7.2 cm, air-entry value = 51 kPa) located near the bottom of the small cell was used. The porous cup was connected to a 174-cm long water reservoir (Fig. 1 ).
Sand Materials
The two different sands used in the experiments were a finegrained sand (Ottawa sand #110, US Silica Co., Ottawa, MN; uniformity coefficient = 1.7, mean diameter = 0.12 mm, dry bulk density = 1.79 g cm -3 when tightly packed) and a coarse-grained sand (Accusand #12/20, Accusands, Unimin Corps., Ottowa, MN; uniformity coefficient = 1.2, mean diameter = 1.04 mm, dry bulk density = 1.81 g cm -3 when tightly packed). Both sands have a particle density (r p ) or specific gravity of 2.65 g cm -3 and mineralogical composition of 99.8% quartz as provided by the manufacturer. High sphericity (0.9), similar uniformity coefficients (d 60 /d 10 ), batch-to-batch consistency, and purity with negligible amount of organic matter are among other important physical properties of the two sand types. These characteristics increase experimental reproducibility by minimizing porosity variations between consecutive packings (Schroth et al., 1996) .
In addition to testing the fine-and coarse-grained sands separately, mixtures of the two sands were created based on a mass-weighted fraction of each component. The two sands were mixed at seven different coarse to fine (C/F) ratios; 10:0, 9:1, 8:2, 7:3, 5:5, 2:8, and 0:10, respectively, identical to those evaluated by Sakaki and Smits (2015) . These samples are referred to as C10F0, C9F1, C8F2, C7F3, C5F5, C2F8, and C0F10, respectively. Samples were well mixed to ensure homogeneity of the binary mixture. The cumulative particlesize distribution associated with each binary mixture was obtained by conducting a series of sieve analyses. The sieve analysis is shown in Fig. 2 . The particlesize distribution for each binary mixture (except for the two parent sands) shows distinct two-region (bimodal) characteristics, thus showing the effect of mixing differently sized particles on the characteristic size distribution. The sieve analysis enables identification of the uniformity coefficient and the geometric mean particle diameter to further understand the physical impact of coarse-and fine-controlled mixtures. Table 1 provides the sand properties obtained from the sieve analysis for all binary mixtures. 
Experimental Procedure
Each sample was wet packed using degassed-deionized water into the small cell based on the method described in Smits et al. (2010) . Sand was poured into the cell in 2.5-cm increments ensuring maximum compaction and contact with the sensors by gently tapping the cell wall at each increment (e.g., Sakaki and Illangasekare, 2007) . The saturated sample was subsequently drained by lowering the water level at a rate of ~3.4 cm 3 min -1 (0.016 cm of H 2 O min -1 ) through a syringe needle (21G11/2 PrecisionGlide Needle) connected at the outlet of the reservoir near the bottom of the water column ( Fig. 1) to slowly drain the mixture over a period of 7 to 10 d to achieve residual water contents in each sample. After the completion of each experiment, the residual water content was confirmed using destructive sampling. Each experiment associated with the various binary mixtures was conducted at least twice to confirm the repeatability.
Statistical Analysis
An appropriate statistical analysis tool is needed to compare nonlinear, curved relationships, such as an F-test (Motulsky and Ransnas, 1987; Spiess and Neumeyer, 2010) . The F-test enables comparison of the variance associated with two data sets (e.g., experimental and modeled) and the ability to determine if the difference is statistically significant. F is determined as the ratio between two variances with the larger variance in the numerator. This ratio provides the percentage difference between the variance of the two compared data sets (i.e., experimental and modeled l-q data). F is compared with F crit where F crit is determined based on the degrees of freedom for the sample and the desired confidence level which is typically set at 95%. If F > F crit , then there is 95% confidence that the variance between the two data sets are significantly different. However, if F < F crit , then one cannot conclude that a significant difference between variances exists (i.e., measured and modeled l-q relationships are in agreement). Figure 3 shows the measured porosity of the binary mixtures compared with predictions from the partial mixing model developed by Kamann et al. (2007) . Consistent with previous findings (Westman and Hugill, 1930; Holtz and Lowitz, 1957; Garga and Madureira, 1985; Fragaszy et al., 1990; and Koltermann and Gorelick, 1995) , the minimum f (or equivalently, maximum bulk density) occurs when the small particles completely fill the voids of the load-bearing, larger particles, corresponding to a fine fraction of ~30% (C7F3; i.e., f crit ). Although not the focus of this work, the partial mixing model described by Kamann et al. (2007) well described the data as in Fig. 3 through setting the minimum total porosity to the observed value associated with the C7F3 mixture.
RESULTS AND DISCUSSION
Important physical, water retention, and thermal properties of the binary mixtures considered in this study are given in Table 2 . Many properties shown in the table (e.g., f, r, l dry , and l sat ) exhibit a departure from similar values associated with the parent or base sands (#12/20 sand and #110 sand) and are discussed in further detail below. The measured h c and q r values are in good agreement with the work of Sakaki and Smits (2015) in which identical binary mixtures were studied and are required as with l dry , and l sat for various modeling efforts. Comparing l sat from two sands with similar f values (e.g., C10F0 and C0F10), shows the minimal dependence of thermal conductivity on the percentage of fine sand. De Vries (1963) demonstrated that grain size does not significantly influence l, assuming the grains have similar mineralogical properties, shape, and packing. Although past researchers have found that l decreases with a decrease in grain size (e.g., Tavman, 1996; Midttømme and Roaldset, 1998) , consistent with the findings here, Smits et al. (2010) showed that there is only a slight correlation between l and grain size for the sands used in this study.
The soil water retention curves for each mixture are shown in Fig. 4 . Results mirror those of Sakaki and Smits (2015) demonstrating the repeatability of the experimental results and high degree of confidence regarding data obtained during experimental procedures. It has to be emphasized here that the shape of the SWRCs is significantly affected by the mixing fraction. The coarse-controlled mixtures depict a similar displacement pressure close to that of the base coarse material (#12/20 sand) and the fine-controlled mixtures depict a larger displacement pressure closer to that of the base fine material (#110 sand). The displacement pressure, also known as air-entry pressure or bubbling pressure (Brooks and Corey, 1964) , is the pressure at which air first enters the soil matrix in the largest pores. A complete discussion regarding the water retention characteristics and pore structure of binary mixtures is found in Sakaki and Smits (2015) .
The impact of the binary mixtures on the l-q relationship is shown in Fig. 5 . The typical l-q behavior from fully saturated to completely dry conditions is characterized by the four saturation regimes; capillary, funicular, pendular, and hydration (Lu and Likos, 2004) . In the capillary regime (Fig. 5-Region IV) , the soil remains fully saturated (i.e., q »f), and the heat primarily transfers through the grain and water phases and contacts between grains resulting in a high and relatively constant l. The typical values of l for water and air (at 20°C) are 0.58 and 0.024 W m -1 K -1 respectively, demonstrating that the water pathways are more conductive than the air pathways. As the air-entry pressure is reached (i.e., transition to the funicular regime ) and the largest pores become airfilled, l decreases slightly as water content decreases. Within the pendular regime (Fig. 5-Region II) , the lower hydraulic connectivity makes the grain-water paths more tortuous, resulting in heat flow through less and longer thermally conductive grain-water pathways. Consequently, l shows a steep and abrupt decrease at or around the residual saturation where the heat flow is essentially limited to water bridges randomly connected with nearly dry sand grains (Philip and de Vries, 1957; Sakaguchi et al., 2007) . In the hydration regime (Fig. 5-Region I) , the water is disconnected and can no longer form continuous grain-water paths. Heat conduction occurs predominately through grain-air pathways and grain to grain contacts, resulting in very resistive thermally conductive pathways and hence a pronounced decrease in l. After the abrupt and pronounced decrease, l continues to decrease slightly until a minimum value is reached corresponding to l under dry soil conditions.
The general behavior described above is observed for all mixtures, consistent with previous findings (e.g., De Vries, 1963; Horton and Wierenga, 1984; Hopmans and Dane, 1986) ; however, the specific impact of binary mixtures on the l-q relationship is better understood through considering the influence of the systematic change in f and bulk density, r, due to mixture characteristics. Binary mixtures with <30% fines exhibited coarse-controlled characteristics with a rapid rate of decrease in l with a decrease in q. Fine-controlled binary mixtures (percentage of fines ³ 30%) portrayed a slower, more gradual rate of decrease in l with a decrease in q due to buffering capacity by more tortuous water pathways resulting from a decrease in large interconnected pore spaces as compared with coarse-controlled mixtures. However, these nuances between fine-and coarse-controlled binary mixtures are relatively small. Figure 5 shows that as f decreases, at any given q, l increases. This is better illustrated by examining the saturated and dry l for each mixture (l sat and l dry , respectively; Table 2 ). As expected, the lowest l sat occurs with the soils with the highest f (i.e., C10F0 and C0F10) while the highest l sat occurs with the soil with the lowest f (i.e., C7F3). Figure 6 shows l dry and l sat as a function of the fraction of fine sand. The results demonstrate that the systematic change in volume fraction of fine particles, which of course affects the bulk density, also systematically changes l dry and l sat. There is a significant change in l for the saturated sands (Dl sat ? 1.77 W m -1 K -1 ) where D refers to the difference between the maximum and minimum observed values of saturated or dry l. Although the influence of the volume fraction of fine particles (hence f) are considerably less for l dry , slight effects are still present (Dl dry ? 0.28 W m -1 K -1 ). As previously discussed, this is because the air pathways are less conductive than the water pathways. The less conductive pathways do not alter the strong positive correlation between both l sat and l dry with r. Shown in Fig. 7 , when l sat and l dry are each plotted against r, there is a distinct linear response (stronger for l sat ) between an increase in r that occurs as the fraction of fines approaches f crit and the corresponding increase in l (R 2 > 92%) demonstrating the large influence r has on l. Changing the mixing fraction of the two sands in a systematic manner results in a predictable thermal behavior.
Applicability of l-q Models to Binary Mixtures
This section addresses whether existing predictive models describing the l-q relationship based on easily measurable soil parameters are able to capture the behavior of soil mixtures. The Campbell Model is based on the De Vries (1963) Model and posits that l of soil can be determined from a volume-weighted sum of the l of the mixture components:
where k is the weighting factor, x is the volume fractions of each component, and the mixture components of water, gas, and mineral are denoted by subscripts w, a, and m, respectively. The model incorporates four soil-specific empirical model parameters to determine l. For detailed information on model development and parameters, readers are referred to Campbell et al. (1994) , however, key equations and parameters will be discussed here. As mentioned above, Campbell et al. (1994) stated that ideally one could derive all four model parameters from basic physical properties without fitting to observed data. For example, l m can be estimated if the mineral fraction and soil composition is known. l m controls saturated l where an increase in l m increases l sat and increases the difference between l sat and l dry . However, with Campbell's Model, it has to be noted that l dry remains constant and is not influenced by l m . Based on the physical properties of sands used in this research, l m is associated with the l of quartz which has a range in literature of 3 to 13.9 W m -1 K -1 (e.g., Farouki, 1981; Clauser and Huenges, 1995; Bristow, 2002) . The value selected in this study was 7.69 W m -1 K -1 based on previous works (e.g., Lu et al., 2007; Chen, 2008) .
The second parameter, x wo , impacts the l at the transition between the pendular and hydration regimes. An increase in x wo increases the residual water content, q r , and decreases the rapid- ity of l reduction to the l dry value. Campbell et al. (1994) empirically developed a relationship between x wo and the geometric mean particle diameter, d g (mm):
The geometric mean for each binary mixture was determined graphically based on Folk and Ward (1957) and using Fig. 2 size at which a specified percentage of the grains are coarser). For our mixtures, these values were determined based on the particlesize distribution (Fig. 2 and Table 1 ). From Table 1 , the values of d g for the binary mixtures transitions from 1.026 for C10F0 to 0.143 for C0F10 resulting in x wo ranging from 0.067 to 0.099 with an increase in x wo as the percentage of fines increases.
The magnitude of l across the entire range of q is controlled by g a (shape factor of the soil) where an increase in g a shifts the entire l-q relationship upward. Knowledge of the soil texture (coarse or fine) can be used to determine g a based on De Vries (1963) where a perfect sphere corresponds to a g a value of 0.333. Shape data from the sand manufacturer leads to a g a value of 0.2997 for #12/20 and 0.3830 for #110 sand. Therefore, a weighted average for each binary mixture based on the percentage of coarse and fine sand can be estimated for all binary mixtures and falls within the range reported by Campbell et al. (1994) .
As with x wo , q o has a similar inverse impact on the l-q relationship with respect to the transition between the pendular and hydration regimes. An increase in q o (versus a decrease in x wo ) results in an increase in the rapidity of l reduction to the l dry value. With the previous three parameters, there was a means to predict the parameters from basic physical properties from the binary mixtures. However, there is not a clear means to predict q o ; therefore, q o is employed strictly as a soil-specific empirically determined model parameter. Although not shown in the above equations, the Campbell Model was developed to take into account the effect of temperature on l. Previous works have tested the applicability of the model to wide ranges of temperatures (e.g., Smits et al., 2013) . As this was not the focus of this work, ambient conditions were maintained throughout all experiments to focus analysis on the impact of binary mixtures.
To investigate the ability for the Campbell Model to incorporate characteristics that change specifically due to the mixing of two different particles, the parameters associated with the Campbell Model were varied based on measured mixture characteristics and empirically determined properties. Four scenarios were conducted for each mixture in which the number of empirically determined parameters increased by one (e.g., Scenario 1-q o served as the only empirically determined parameter; Scenario 2-g a and q o were determined through calibration; Scenario 3-q o , g a , and l m were determined through calibration; and Scenario 4-q o , g a , l m , and x wo were all used as fitting parameters). The initial parameter values for Scenario 1 and the F ratio between measured and modeled l for all four scenarios is shown in Table 3 .
In Scenario 1, using only q o as an unknown parameter, the difference in variance between measured and modeled l was statistically significant (F = 1.41-7.50 with F crit = 1.11-1.15). The Campbell Model underestimates l for all binary mixtures in the capillary and funicular regimes and overestimates for all mixtures in the lower end of the pendular regime and hydration regimes.
Despite the ability to independently estimate Campbell Model parameters, Bristow (2002) recommended to obtain both g a and q o through calibration (Scenario 2). With two bestfit model parameters (g a and q o ), the F-test identified the difference between measured and modeled l as statistically significant for all mixtures except for the base fine-grained sand (C0F10; F = 1.00-4.41 with F crit = 1.11-1.15). Although there is a slight increase in the level of model agreement, the Campbell Model underestimated l sat and l dry for all binary mixtures.
To achieve an improvement in model agreement, l m accompanies g a and q o as best-fit model parameters in Scenario 3. Scenario 3 reduced the F ratio by greater than 45% compared with Scenario 2 in all binary mixtures (except C0F10); however, the percentage difference in variance between modeled and measured l remained statistically significant (F = 1.04-1.48 with F crit = 1.11-1.15). The C0F10 sample remained the only mixture in which there was 95% confidence that the variance of the measured l is not significantly different from the modeled l. The incorporation of l m as a fitting parameter results in a significant improvement in estimated l sat ; however, l dry is overestimated by at least 75% in all mixtures. With three of the four model parameters used to enhance agreement between modeled and experimental l, the Campbell Model is not able to effectively predict l for binary mixtures.
Employing the Campbell Model with all four model parameters (q o , g a , l m , and x wo ) used as best-fit parameters results in the Campbell Model achieving a significant improvement in ability to model l for binary mixtures (Scenario 4). Coarsecontrolled and fine-controlled mixtures all exhibit F ratios denoting less than 5% significance in difference between measured and modeled l (F = 1.00-1.04 with F crit = 1.11-1.15). This higher level of model agreement is shown in Fig. 8 and exhibits good estimation of l sat and l dry for both coarse-controlled ( Fig. 8a ) and fine-controlled (Fig. 8b) mixtures. Therefore, the Campbell Model is limited to requiring the calibration of all four parameters versus enabling the use of physical based, measured quantities to effectively model binary mixtures. The calibrated value for each parameter and associated F ratio for each binary mixture for Scenario 4 is provided in Table 4 . For all scenarios, the values for q o , g a , and x wo are within the ranges determined by Campbell et al. (1994) . However, the value for l m for binary mixtures C10F0 and C9F1 are outside the range found in literature for l of quartz (3 to 13.9 W m -1 K -1 ). Therefore, there may be a need to constrain l m for sandy soils. Empirically determining all parameters enables an increased agreement between modeled and measured l versus using physically determined values for x wo , g a , and l m demonstrating a need for an improved l model for binary mixtures that can effectively capture the full range of saturation.
The recently developed semi-empirical Lu and Dong Model is a closed-form equation for the l-q relationship. The Lu and Dong Model was demonstrated to accurately (R 2~9 8%) predict l from saturated to dry for ambient conditions from 20 to 25°C for 27 soils ranging from clay to silt to sand as compared with other models (e.g., Lu et al., 2007; Côté and Konrad, 2005 ) with a similar foundation (i.e., stemming from the Johansen [1975] Model). The Lu and Dong Model states:
where m is the pore fluid network connectivity parameter related to the pore-size parameter n in the van Genuchten (1980) Model, and q f is the onset of funicular water content corresponding to the highest rate of change in water content between the pendular and hydration regimes. Both m and q f are fitting parameters with all other variables defined previously. For sandy soils, m values range between 1.4 and 2.9 and q f between 0.01 and 0.06 (Lu and Dong, 2015) . The best fit functional relationship for both parameters can be found by:
where q r is the residual volumetric water content and n is the van Genuchten (1980) empirical parameter that is dependent on the pore-size distribution. Both q r and n can be experimentally determined and are based on the water retention behavior specific to each soil of interest. The Lu and Dong Model enables incorporation of experimentally determined hydraulic properties (q r and n) through Eq.
[5] and [6] as well as incorporation of experimentally determined thermal properties (l sat and l dry ) to estimate l for each binary mixture. As with the Campbell Model, the Lu and Dong Model's ability to incorporate characteristics that change specifically due to the soil mixing was evaluated. The parameters of the Lu and Dong Model were obtained through experimental data (i.e., q r , l sat , and l dry ) and empirically determined properties (i.e., m). The use of all experimentally determined parameters results in statistically significant differences between measured and modeled l for all binary mixtures except for C8F2 and C7F3 (F = 1.02-3.96 with F crit = 1.11-1.15). The F ratio approaches the highest level of agreement between variances as the mixtures transition from the base sands (i.e., C0F10 and C10F0) toward f crit (C7F3). As with the Campbell Model, the modeled to experimental fit increases with use of the soil-specific empirically determined parameters (q f and m) as fitting parameters rather than using q r and m as in Eq.
[5] and [6] . Using q f and m as fitting parameters, the variation of modeled l of all binary mixtures compared with experimental l are all within 7% agreement (F = 1.03-1.07 with F crit = 1.11-1.15) as shown in Fig. 9 .
In an effort to further assess the Lu and Dong Model's ability to incorporate physical properties of the binary mixtures, components of the Johansen (1975) where l s is effective thermal conductivity of soil solids, l w is thermal conductivity of water (0.594 W m -1 K -1 at 20°C), l q is thermal conductivity of quartz (7.69 W m -1 K -1 as used in the Campbell Model), q is quartz content of total solids, l o is thermal conductivity of other minerals (2.0 W m -1 K -1 for soils with q > 0.2), and all other variables previously defined. Use of Eq. [7] effectively predicts l sat within an average of 6.8% for all mixtures and Eq.
[9] predicts l dry within an average of 5.3% for all mixtures based on the physical properties of the soils used to create the mixtures. Evaluation of the Lu and Dong Model proceeded next through incorporation of the same experimentally determined hydraulic properties (q r and n) through Eq.
[5] and [6] . However, the thermal properties (l sat and l dry ) were determined using the Johansen Model through Eq. [7] and [9] to estimate l for each binary mixture. The use of the Johansen Model yielded similar results to the Lu and Dong Model with measured l sat and l dry (F = 1.13-4.03 with F crit = 1.11-1.15). Only the predicted l for the C8F2 mixture was not statistically different from the measured l for all mixtures. Therefore, use of the Johansen Model in conjunction with the Lu and Dong Model or use of the Lu and Dong Model independently with measured physical properties of the binary mixtures cannot properly predict l-q for binary mixtures. The Lu and Dong Model was only able to effectively predict l-q for binary mixtures with the use of q f and m as fitting parameters. Additionally, the Lu and Dong Model requires increased agreement in the low water content region to accurately capture the entire l relationship from fully saturated to residual saturation.
CONCLUSIONS
This study generated thermal conductivity data for wellcharacterized binary mixtures under well-controlled conditions and investigated the impact of binary sand mixtures on thermal conductivity for the full range of saturation. The applicability and behavior of the Campbell and Lu and Dong Models in predicting l based on those mixtures was also examined. Seven different mixing factions resulted in a wide range of f. The obtained l-q relationships for seven tightly packed mixtures varied significantly depending on the volume fraction of the fine particles and can be divided into two categories; fine-and coarse- determined l m , x wo , g a , and q o obtained through controlled. Results demonstrate that l-q is highly dependent on f and that systematic changes in the volume fraction of fine particles also systematically changes l. The change in r due to the fine fraction or percentage of fines associated with each mixture was shown to affect l more significantly under saturated conditions with the effect diminishing in the hydration regime. Binary mixtures with <30% fines exhibited coarse-controlled characteristics with a rapid rate of decrease in l with a decrease in q. Fine-controlled binary mixtures (percent fines ³ 30%) portrayed a slower, more gradual rate of decrease in lwith a decrease in q due to buffering capacity by more tortuous water pathways resulting from a decrease in large interconnected pore spaces as compared with coarse-controlled mixtures. However, these nuances between fine-and coarse-controlled binary mixtures are relatively small.
The Campbell Model did not enable the incorporation of experimentally measured soil properties for the model parameters (F = 1.41-7.50 with F crit = 1.11-1.15) but rather worked best when the parameters were fitted to experimental data (F = 1.00-1.04 with F crit = 1.11-1.15). Similarly, the Lu and Dong Model worked best when the physically based soil specific parameters were used as best fit parameters (F = 1.03-1.07 with F crit = 1.11-1.15). Despite the fact that the models were able to capture the behavior for the binary mixtures when properly fitted with experimental data, model improvements are needed to capture the relationship focused on physically based soil parameters. Future work studying the effect of binary mixtures from a variety of soils with more grain sizes and at different temperatures is required to enhance our understanding of the impact of binary mixtures on l.
